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Abstract 

The chemokine domain of fractall<ine (FKN-CD) binds to the classical RGD-binding site of avps and that the resulting ternary 
complex formation (integrin-FKN-CX3CRl) is critical for CX3CR1 signaling and FKN-induced integrin activation. However, 
only certain cell types express CX3CR1. Here we studied if FKN-CD can activate integrins in the absence of CX3CR1. We 
describe that WT FKN-CD activated recombinant soluble avP3 in cell-free conditions, but the integrin-binding defective 
mutant of FKN-CD {K36E/R37E) did not. This suggests that FKN-CD can activate 0(vP3 in the absence of CX3CR1 through the 
direct binding of FKN-CD to 0(vP3. WT FKN-CD activated 0(vP3 on CX3CR1 -negative cells {K562 and CHO) but K36E/R37E did 
not, suggesting that FKN-CD can activate integrin at the cellular levels in a manner similar to that in cell-free conditions. We 
hypothesized that FKN-CD enhances ligand binding to the classical RGD-binding site (site 1) through binding to a second 
binding site (site 2) that is distinct from site 1 in avP3. To identify the possible second FKN-CD binding site we performed 
docking simulation of avP3-FKN-CD interaction using avP3 with a closed inactive conformation as a target. The simulation 
predicted a potential FKN-CD-binding site in inactive avP3 (site 2), which is located at a crevice between otv and P3 on the 
opposite side of site 1 in the avP3 headpiece. We studied if FKN-CD really binds to site 2 using a peptide that is predicted to 
interact with FKN-CD in site 2. Notably the peptide specifically bound to FKN-CD and effectively suppressed integrin 
activation by FKN-CD. This suggests that FKN-CD actually binds to site 2, and this leads to integrin activation. We obtained 
very similar results in a4pi and otSpi . The FKN binding to site 2 and resulting integrin activation may be a novel mechanism 
of integrin activation and of FKN signaling. 
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Introduction 

Fractalkine (FKN, CX3CL1) is a membrane-bound chemokine 
of the CX3C family [1,2]. FKN is expressed on the cell surface of 
IL-1- and TNFa- activated endothelium as a membrane-bound 
form [2] . FKN has an N-terminal chemokine domain (residues 1— 
76) [3]. FKN is cleaved by metalloproteinases ADAM- 10 (A 
Disintegrin And Metalloprotease 10) and ADAM- 17 and soluble 
FKN is released [4-6]. FKN's highly selective receptor CX3CR1 
(a G-protein coupled receptor, GPCR) is expressed in monocytes, 
T cell, NK cells, and neuron [7-13]. Interaction between 
membrane-bound FKN and CX3CR1 promotes leukocyte adhe- 
sion to endothelium [7,14,15]. 

Integrins are a family of cell adhesion receptors that recognize 
extracellular matrix ligands and cell surface ligands [16]. Activated 
integrins support both cell migration and adhesion in a cation- 
dependent manner. Upon activation, integrins undergo a series of 
conformational changes that result in increased binding affinity for 
their respective ligands [17]. FKN enhances cell adhesion through 
integrin activation that triggers arrest and firm adhesion. It has 
been well established that FKN-mediated integrin activation is 
typically mediated by CX3CR1 engagement [15,18-24]. 



We recently discovered that the chemokine domain of FKN 
(FKN-CD) binds to integrins a4pi and otvPS [25]. The affinity of 
FKN-CD binding to 0tvP3 is extremely high as an integrin ligand 
(KD = 3.0xlO""' M in Mn^""). FKN-CD binds to the ligand- 
binding site common to other known integrin ligands (classical 
RGD-binding site). The integrin-binding defective FKN-CD 
mutant (the Lys36 to Glu/Arg37 to Glu (K36E/R37E) mutant) 
is defective in FKN signaling, while it still binds to CX3CR1. 
CX3CR1, FKN-CD, and integrin make a ternary complex 
through the direct integrin binding to FKN-CD. We propose a 
model in which FKN on endothelial cells binds to leukocytes 
through CX3CR1 and integrins (avP3 and 0t4pi), and in which 
integrins are directly involved in FKN signaling and leukocyte 
trafficking through binding to FKN-CD. We demonstrated that 
K36E/R37E suppressed CX3CR1 signaling (integrin activation) 
in a concentration-dependent manner [25], suggesting that K36E/ 
R37E is a dominant-negative antagonist of CX3CR1. 

The expression of CX3CR1 is limited to certain cell types. In 
the present study, we studied if FKN-CD can activate integrins in 
the absence of CX3CR1. We describe that FKN-CD can activate 
otvPS in the absence of CX3CR1, but that this activation requires 
the direct binding of FKN-CD to 0tvP3. We hypothesized that 
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FKN-CD enhances ligand binding to the classical RGD-binding 
site (site 1) through binding to a second binding site (site 2) that is 
distinct from site 1 in avPS. We identified a potential FKN-CD- 

binding site (site 2), which is located at a crevice between av and 
PS on the opposite side of site 1 in the avP3 headpiece. We 
provide e\ ideiicc- that FKN-CD actually binds to site 2, and this 
leads to integrin activation. The FKN binding to site 2 and 
resulting integrin activation may be a novel mechanism of integrin 
activation and of FKN signaling. 

Materials and Methods 

Materials 

K562 erythroleukemia cells, U937 monocytic cells, and Chinese 
hamster ovary (CHO) cells were obtained from the American 
Type Culture Collection. K562 cells expressing human integrin 
avPS (avP3-K562) [26] were provided by Eric Brown (University 
of California, San Francisco, CA). K562 cells expressing human 
integrin 0(4 (a4-K562), CHO cells expressing human integrin pS 
(P3-CHO) or integrin ot4 (oi4-CHO) were described [27]. 
Recombinant soluble avPS was synthesized in CHO-Kl cells 
using the soluble 0(v and pS expression constructs and purified by 
Ni-NTA affinity chromatography as dc-scrihed [28]. The disin- 
tegrin domain of ADAM- 15 (GST fusion protein) was synthesized 
as described [29]. Fibrinogen y-chain C -terminal domain that 
lacks residues 400-411 (YC399tr) was synthesized as described 
[30]. GST-fusion proteins of fibronectin type III domains 8-11 
(FN8-il), and fibronectin H120 fragment (FN-H120) were 
described [25]. We confirmed that these hgands are properly 
folded, since heat treatment of the ligands effectively suppressed 
their binding to integrins upon stimulation by FKN-CD in the 
binding assay (see below)(Figure SI). Vascular cell adhesion 
molecule-1 (VCAM-1) was provided by Novartis. Anti-CX3CR1 
antibody was purchased from AbD Serotec. Anti-human P3 mAb 
AVID was provided by B. Felding-Habermann (The Scripps 
Research Institute, La JoUa, CA). HRP-conjugated anti-His tag 
antibody was purchased from Qiagen (Valencia, CA). 

Synthesis of FKN-CD 

Recombinant FKN-CD (WT and K36E/R37E) were synthe- 
sized as described [2.5] using PET28a expression vector. The 
proteins were synthesized in BL21 induced by isopropyl P-D- 
thiogalactoside as insoluble proteins. The proteins were solubUized 
in 8 M urea, purified by Ni-NTA affinity chromatography under 
denatured conditions, and refolded as previously described [31]. 
The refolded proteins were >90% homogeneous upon SDS- 
PAGE. 

Synthesis of site 2 peptides 

We introduced 6His tag to the BamHI site of pGEX-2T using 
5'-GATCTCATCATCACCATCACCATG-3' and 5'-GATC- 
CATGGTGATGGTGATGATGA-3' (resulting vector is desig- 
nated pGEX-2T6His). We synthesized GST fusion protein of site 
2 peptide (QPNDGQSHVGSDNHYSASTTM, residues 267-287 
of pS, C273 is changed to S) and a scrambled site 2 peptide 
(VHDSHYSGQGAMSDNTNSPQT) by subcloning oligonucleo- 
tides that encodes these sequences into the BamHI/EcoRI site of 
pGEX-2T6His. We synthesized the proteins in BL21 cells and 
purified using glutathione-Sepharose affinity chromatography. 
The corresponding pi, P2, and P4 peptides were generated as 
described above. 



Binding of soluble Qtv|33 to YC399tr or ADAIVl-IS 

ELISA-type binding assays were performed as described 
previously [25]. Briefly, wells of 96-well Immulon 2 microtiter 
plates (Dynatech Laboratories, ChantUly, VA) were coated with 
100 Hi PBS containing YC399tr or ADAM-15 for 2 h at 37°C. 
Remaining protein binding sites were blocked by incubating with 
PBS/0.1% BSA for 30 min at room temperature. After washing 
with PBS, soluble recombinant avP3 (5 |J,g/ml) in the presence or 
absence of FKN-CD (WT or K36E/R37E) was added to th(- wells 
and incubated in HEPES-Tyrodes buffer (10 mM HEPES, 
150 mM NaCl, 12 mM NaHCOs, 0.4 mM NaH2P04, 2.5 mM 
KCl, 0.1% glucose, 0.1% BSA) with 1 mM CaCla for 2 h at room 
temperature. After unbound avPS was removed by rinsing the 
wells with binding buffer, bound avPS was measured using anti- 
integrin P3 mAb (AV-10) followed by HRP-conjugated goat anti- 
mouse IgG and peroxidase substrates. 

Flow cytometry 

The cells were cultured to nearly confluent in RPMI 1640/ l()"'o 
FCS (K562) or DMEM/10% FCS (CHO cells). The ceUs were 
resuspended with RPMI 1640/0.02% BSA or DMEM/0.02% 
BSA and incubated for 30 min at room temperature to block 
remaining protein binding sites. The cells were then incubated 
with WT FKN-CD or K36E/R37E for 5 min at room temper- 
ature and then incubated with FITC-labeled integrin ligands 
(YC399tr, FN8-1 1, or FN-H120) for 15 min at room temperature. 
For blocking experiments, FKN-CD was preincubated with S2-P3 
peptide for 30 min at room temperature. The cells were washed 
with PBS/0.02'Mi BSA and analyzed by FACSCalibur (Becton 
Dickinson, Mountain View, CA). 

Binding of S2 peptide to proteins 

ELISA-type binding assays were performed as described 
previously [25]. Briefly, wells of 96-well Immulon 2 microtiter 
plates (Dynatech Laboratories, ChantHly, VA) were coated with 
100 Hi PBS containing FKN-CD, YC399tr, FN-H120, or FN8-11 
for 2 h at 37°C. GST tag was removed by thrombin digestion for 
FN-H120 and FN-8-11. Remaining protein binding sites were 
blocked by incubating with PBS/0.1% BSA for 30 min at room 
temperature. After washing with PBS, S2 peptides were added to 
the wells and incubated in PBS for 2 h at room temperature. After 
unbound S2 peptides were removed by rinsing the wells with PBS, 
bound S2 peptides (GST-tagged) were measured using HRP- 
conjugated anti-GST antibody and peroxidase substrates. 

GST Pull-down assays 

We incubated the FKN-CD (0.01 |Xg, with 6His tag) with GST- 
tagged S2-P3 or S2-Pl peptide (5 [ig) in 100 |j,l PBS for 2 h at 4°C 
and recovered proteins that bound to S2-P3 or S2-pi p(;ptide with 
glutathione-Agarose (sigma) and analyzed the bound proteins by 
Western blotting. 

Adhesion assays 

Adhesion assays were performed as described prc'viously [25]. 
Briefly, well of 96-weU Immulon 2 microtiter plates were coated 
with 100 \ll PBS containing FN8-11, ADAM-15, and VC/UVI-l 
and were incubated for 2 h at 37°C. Remaining protein binding 
sites were blocked by incubating with PBS/0.1% BSA for 30 min 
at room temperature. After washing with PBS, K562, avP3-K562, 
and a4-K562 ceUs in 100 [ll RPMI 1640 were added to the weUs 
and incubated at 37°C for 1 h. After unbound cells were removed 
by rinsing the wells with the medium used for adhesion assays. 
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Figure 1. FKN-CD activates avp3 integrin in cell-free conditions 
(through direct integrin binding), a. Activation of soluble avfiS by 
FKN-CD as a function of YC399tr concentration. Binding of soluble av|33 
(5 |ig/ml) to immobilized yC399tr in the presence or absence of WT 
FKN-CD (40 |ig/ml) was measured by ELISA. Data are shown as means ± 
SEM of three independent experiments, b. Activation of soluble otvps by 
FKN-CD as a function of FKN-CD concentration. Binding of soluble avP3 



(5 ng/ml) to immobilized i'C399tr (100 |ig/ml) in the presence or 
absence of WT FKN-CD or R36E/R37E was measured by ELISA. Data are 
shown as means ± SEM of three independent experiments, c. 
Activation of soluble avpS by FKN-CD using ADAIVI-15 as a ligand. 
Experiments were done as described in (a), except that ADAM-15 and 
20 |j,g/ml FKN-CD were used. Data are shown as means ± SEM of three 
independent experiments. 
doi:10.1371/journal.pone.0096372.g001 

bound cells were quantified by measuring endogenous phospha- 
tase activity. 

Docking simulation 

Docking simulation of interaction between FKN-CD and 
integrin avPS (closed inactive form) was performed using 
AutoDockS as described [32]. In the present study we used the 
headpiece (residues 1-438 of otv and residues 55-432 of P3) of 
otvP3 (lJV2.pdb). Cations were not present in avP3 during 
docking simulation, as in the previous studies using Q(vP3 (open 
form, lL5G.pdb) [25,32]. 

Other methods 

Treatment differences were tested using ANOVA and a Tukey 
multiple comparison test to control the global type I error using 
Prism 5.0 (Graphpad Software). 

Results 

FKN-CD activates integrins otvps in cell-free conditions 

It has been reported that FKN rapidly enhances cell adhesion 
through activating integrins, which is mediated solely by CX3CR1 
[7-9]. Is FKN totally inactive in CX3CR1 -negative cell types? 
This question is biologically relevant since the expression of 
CX3CR1 is limited to certain cell types (see Introduction). We first 
studied if FKN-CD activates integrins in a CX3CRl-independent 
manner using recombinant soluble 0tvP3 in cell-free conditions. 
WT FKN-CD markedly enhanced the binding of soluble OLv^'i (in 
1 mM Ca^"*" to keep 0(v|33 inactive) to immobilized YC399tr, a 
specific ligand to 0(vP3 [30], in a concentration-dependent 
manner, but K36E/R37E (the integrin-binding defective FKN- 
CD mutant) was defective in this function (Figures la and lb). We 
obtained essentially the same results using another avP3-specific 
ligand, the disintegxin domain of ADAM-15 [29] (Figure Ic), 
suggesting that this phenomenon is not ligand specific. These 
results suggest that FKN-CD activates integrins without CX3CR1 
in a cell-free condition and this activation requires direct integrin 
binding of FKN-CD. 

FKN-CD-induced integrin activation occurs in CX3CR1- 
negative cells 

We studied if FKN-CD activates avP3 at the cellular level in a 
CX3CRl-independent manner. It has been reported that K562 
cells do not express detectable CX3CR1 mRNA and do not bind 
to soluble or membrane-bound FKN, while K562 cells that 
express recombinant CX3CR1 robustly bind to FKN [14]. We 
also confirmed that CX3CR1 is not detectable in avP3-K562 cells 
by western blotting (data not shown). We studied if FKN-CD 
induces avP3 activation using K562 cells that express recombinant 
otvP3 (otvP3-K562 cells). To reduce the basal levels of integrin 
activation 1 mM Ca" was included in the assay medium. The 
binding of FITC-labelled yC399tr was measured in flow 
cytometry. Interestingly, WT FKN-CD enhanced the binding of 
yC399tr to avP3-K562 in a concentration-dependent manner, but 
K36E/R37E did not (Figure 2a). The original observation of 
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Figure 2. FKN-CD activates avp3 integrin on the surface of cells that do not express CX3CR1 (through direct integrin binding), a. 

Activation of avps by WT FKN-CD, but not by K36E/R37E (Integrln-binding defective), in av|33-K562 cells (CX3CR1 -negative). Cells were incubated 
with FITC-labeled yC399tr in the presence of WT FKN-CD or K36E/R37E. Binding of YC399tr to cells was measured by flow cytometry. Data are shown 
as means ± SEM of median fluorescent intensity (MFI) of three independent experiments, b. nvfiS activation by FKN-CD as measured by adhesion to 
ADAM-IS. Adhesion assays were performed as described in the methods. Data are shown as means ± SEM of three independent experiments, c. 
Activation of avfiS by FKN-CD in |33-CHO cells (CX3CR1 -negative). Experiments were performed as described in (a) except that |33-CHO cells (CX3CR1 - 
negative) were used instead of 0(vP3-K562 cells. Data are shown as means ± SEM of MFI of three independent experiments, d. Activation of 0(vP3 by 
FKN-CD in p3-CH0 cells at low FKN-CD concentrations. Experiments were performed as described in (c) except that FKN-CD was used at 0.1 and 1 |ig/ 
ml. Data are shown as means ± SEM of MFI of three independent experiments. 
doi:1 0.1 371 /journal.pone.0096372.g002 



FKN-induced integrin activation is enhanced cell adhesion to 
substrate by FKN in a CXSCRl-dependent manner [7]. We 
found that FKN-CD can enhance cell adhesion of 0(vP3-K562 
cells to ADAJvI-15 (Figure 2b). These results suggest that FKN-CD 



can directly activate otvPS in the absence of CX3CR1 and this 
activation can be detected using different binding assays and 
different integrin ligands. 
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Figure 3. Docking simulation of FKN-CD binding to avp3 witKi an inactive conformation predicts a new ligand-binding site (site 2). a. 

A docl<ing model of FKN-CD-integrin avps (active) interaction [25]. The headpiece of ligand-bound form of integrin otvps (PDB code 1 L5G) was used 
as a target. The model predicts that FKN-CD (PDB code 1 F2L, red) binds to the classical RGD-binding site of the integrin avpS headpiece (site 1 ). b. A 
docking model of FKN-CD-integrin avps (inactive) interaction. The headpiece of an inactive form of integrin otvps (PDB code 1JV2) was used as a 
target. The model predicts the position of the second FKN-CD-binding site (site 2). c. Superposition of two models shows that the positions of two 
predicted FKN-CD binding sites are distinct, d. Position of the ps peptide (267-287, blue) in site 2 (S2-p3). Most of amino acid residues in this peptide 
are predicted to interact with FKN-CD (Table 1). 
doi:1 0.1 371 /journal.pone.0096372.g003 



The FKN-induced oivps activation in avP3-K562 cells may be 
cell-type specific. So we performed similar experiments using 
another CX3CR1 -negative cells. It has been reported that CHO 
cells do not express detectable CX3CR1 mRNA and do not bind 



to FKN or show intracellular signals in response to FKN (Ca^""" 
mobilization, MAP kinase activation or AKT activation), while 
CHO cells that express recombinant CX3CR1 do [33-35]. We 
also confirmed that CX3CR1 is not detectable in PS-CHO cells by 



Table 1. Annino acid residues involved in the interaction between FKN-CD and integrin otvps. 





FKN-CD 


av 


P3 


Val5, Thr6, LysIS, His26, Tyr27, Gln28, Gln29, Gln31, 
Ala32, Ser33, Cys34, Gly35, Arg37, Pro53, Lys54, 
Glu55, Gln56, Trp57, Lys59, Asp60, Ala61, Met62, 
Gln63, His64, Asp65, Asp66, Arg67, Gln68 


GlulS, Gly16, Serl7, TyrlS, Pro41, 
Lys42, Ala43, Asn44, Val51, Glu52, 
His91, Ala397, Arg398, Ser399, 
Met400, Pro401 


Proieo, Valiei, Metl65, Glu171, Glu174, Asn175, LeulSS, Prol86, 
Met187, Phel88, Lysl91, Lys209, Gln210, Ser211, Gln2e7, A5p270, 
Gln272, Cys273, His274, Val275, Gly276, Ser277, Asp278, 
His280, Tyr281, Ser282, Ala283, Thr285, Thr286, Met287 



Amino acid residues within 0.6 nm between FKN-CD and avI33 were selected using pdb viewer (version 4.1). Amino acid residues in P3 site 2 peptide (52-^3) are shown 
in bold. 

doi:l 0.1 371 /journal.pone.0096372.t001 
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Figure 4. A peptide derived from the predicted site 2 of avp3 (S2-p3) binds to FKN-CD and suppresses CX3CR1 -independent FKN- 
CD-induced avps activation, a. Binding of S2-p3 peptide to immobilized FKN-CD. The binding of the peptide to immobilized FKN-CD was 
measured by ELISA. Data are shown as means ± SEM of three independent experiments, b. Pull-down assays. FKN-CD (with 6His tag) was incubated 
with S2-P3 or S2-pi peptide (GST fusion protein) and the complexes were analyzed by Western blotting, c. Binding of site 2 peptides from different 
integrin p subunits (S2-p1 , P2, p3, and p4) to immobilized FKN-CD. The binding of peptides to immobilized FKN-CD was measured as described in (a). 
Data are shown as means ± SEM of three independent experiments, d. Binding of S2-P3 peptide to FKN-CD. The binding of the peptide to 
immobilized FKN-CD, yC399tr, FN-H120, FN-8-11 (5 |ilVl) was measured as described in (a). Data are shown as means ± SEIVI of three independent 
experiments, e. Effect of S2-P3 peptide on FKN-CD induced integrin activation in 0(Vp3-K562 cells. Cells were incubated with FITC-labeled YC399tr in 
the presence of FKN-CD or the mixture of FKN-CD and S2-P3 peptide. FKN-CD (20 jig/ml) were preincubated with S2-P3 (300 ng/ml) in PBS for 30 min 
at room temperature. Binding of FITC-labeled yC399tr to cells was measured by flow cytometry. Data are shown as means ± SEM of MFI of three 
independent experiments, f. Effect of S2-p3 peptide on FKN-CD induced integrin activation in P3-CH0 cells. The binding of yC399tr to cells was 
measured as described in e). Data are shown as means ± SEiVl of MFI of three independent experiments. 
doi:1 0.1 371 /journal.pone.0096372.g004 
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Figure 5. FKN-CD activates a4pi integrin in a CX3CR1 -independent manner through the binding to site 2. a. Activation of o(4|31 by FKN- 
CD in 0(4-K562 cells (CX3CR1 -negative). The binding of FITC-labeled HI 20 (specific ligand to oc4|31) to cells was measured by flow cytometry. Data are 
shown as means ± SEM of MFI of three independent experiments, b. Adhesion of 0(4-K562 cell to VCAM-l . Cell adhesion to immobilized VCAM-1 was 
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measured as described in the methods. Data are shown as means ± SEM of three independent experiments, c. Effect of S2-P3 on FKN-CD induced 
a4pi activation. a4-K562 cells were incubated with FITC-labeled HI 20 in the presence of FKN-CD or the mixtures of FKN-CD and S2-P3. FKN-CD 
(20 ng/ml) was preincubated with S2-P3 (300 ng/ml) in PBS for 30 min at room temperature. Binding of FITC-labeled HI 20 to cells was measured by 
flow cytometry. Data are shown as means ± SEM of MFI of three independent experiments, d. Activation of a43l by FKN-CD in a4-CH0 cells 
(CX3CR1 -negative) in a CX3CR1 -independent manner. The binding of FITC-labeled HI 20 (specific ligand to a4pi) was measured by flow cytometry. 
Data are shown as means ± SEM of MFI of three independent experiments, e. Activation of a4pi by FKN-CD in a4-CH0 cells at low FKN-CD 
concentrations. Experiments were performed as described in (d) except that FKN-CD and K36E/R37E were used at 0.1 and 1 ng/ml. Data are shown as 
means ± SEM of MFI of three independent experiments, f. Effect of S2-P3 peptide on FKN-CD induced integrin activation in oi4-CHO cells. 
Experiments were performed as descibed in c) except that a4-CH0 cells were used. Data are shown as means ± SEM of MFI of three independent 
experiments. 

doi:l 0.1 371/journal.pone.0096372.g005 



western blotting (data not shown). Using CHO cells that express 
recombinant avPS (P3-CHO cells), we obtained the results that 
are very similar to those of 0(vP3-K562: FKN-CD markedly 
enhanced the binding of YC399tr to PS-CHO cells in a 
concentration-dependent manner, but K36E/R37E was defective 
in this function (Figure 2c). These findings suggest that FKN-CD 
induced avP3 activation in a CX3CR1 -independent manner is not 
cell-type specific. Thus there may be another mechanism of FKN- 
CD-induced integrin activation in addition to the well-established 
CX3CR1 -mediated pathway (inside-out signaling). 

FKN is used at 10-100 nM in other studies [15,36,37] 
(equivalent to 0.12-1.2 |xg/ml FKN-CD). We found that FKN- 
CD at 0.1-1 |lg/ml induced detectable integrin activation in P3- 
CHO cells in the absence of CX3CR1 in our binding assays 
(Figure 2d). This suggests that CX3CRl-independent integrin 
activation by FKN-CD also occurs at FKN levels that have been 
widely used. 

Docking simulation predicts that there is a second FKN- 
CD binding site In avps 

We demonstrated that FKN-CD activates integrin avP3 in a 
CX3CR1 -independent manner and K36E/R37E is defective in 
this function, suggesting that this activation involves direct nvfi'i- 
FKN-CD interaction. If this is the case, since the classical RGD- 
binding site may be occupied by avP3 ligands (yC399tr and 
ADAM 15), it is hypothesized that FKN-CD binds to another 
binding site. The crystal structure of the active ligand-bound form 
of avP3, however, contains only one RGD-containing peptide 
(PDB code 1L5G) [38]. In our previous study, docking simulation 
of interaction between FKN-CD and active txvfiS predicts that 
FKN-CD binds to the classical RGD-binding site [25] (designated 
site 1) (Figure 3a). We suspected that the inactive form of avP3, in 
which site 1 is in a closed conformation, may have an open second 
Ugand-binding site. We thus performed another docking simula- 
tion of FKN-CD-avPS interaction using the inactive form of avP3 
(PDB code 1JV2) as a target. The simulation identified a second 
FI^N-CD-binding site (docking energy -24 kcal/mol) (designated 
site 2) (Figure 3b), which is distinct from site 1 (Figure 3c). The 
predicted site 2 is located at a shallow crevice between otv and P3 
on the other side of site 1 . 

A peptide sequence from the predicted site 2 binds to 
FKN-CD and suppresses integrin activation by FKN-CD 

To test if FKN-CD really interacts with the predicted site 2, we 
selected a peptide sequence from site 2 (residues 267-287 of P3, 
designated S2-P3 peptide) that is predicted to interact with FKN- 
CD (Figure 3d and Table 1). Notably S2-P3 peptide bound to 
FKN-CD in a concentration-dependent manner (Figure 4a) and 
pulled down FKN-CD from solution (Figure 4b), control parent 
GST did not bind to FKN-CD. This indicates that FKN-CD 
specifically interacts with the predicted site 2. 



Since FKN-CD binds to a4pi as well [25], we expected that site 
2 is present in other integrin species. We generated peptides from 
the pi, P2 and P4 subunits that correspond to S2-P3 peptide 
(designated S2-P1, P2, and P4, respectively), and compared their 
ability to bind to FKN-CD. We studied if these peptides bind to 
FKN-CD in ELISA-type binding assays. We found that these 
peptides bound to FICN-CD as well, while S2-P3 peptide was the 
most effective (Figure 4c). These findings suggest that site 2 is 
present in other integrins as well, and FKN-CD is likely to activate 
integrins other than avPS. 

We studied the binding specificity of S2-P3 peptide to other 
integrin ligands used in this study in ELISA-type binding assay. 
S2-P3 peptide did not significantly interact with YC399tr, otSpi- 
specific ligand fibronectin type III repeats 8-11 (FN8-11), and 
a4pi -specific fibronectin fragment HI 20 [39] (Figure 4d). This 
suggests that S2-P3 peptide does not affect the binding of these 
integrin ligands. As another control experiment we studied if 
FKN-CD direcdy bind to these integrin ligands in ELISA-type 
binding assay. We did not detect significant binding of FKN-CD 
to these integrin ligands (data not shown), suggesting that FKN- 
CD does not direct bind to these ligands. 

We studied if S2-P3 peptide affects FKN-CD-induced activation 
of D!\-[:i3 b)" measuring the binding of labeled yC399tr in the 
presence of FKN-CD in CX3CR1 -negative cells. To show more 
specificity of S2-P3 peptide, we generated scrambled S2-P3 
peptide (S2-P3scr peptide). Notably, S2-P3 peptide suppressed 
the YC399tr binding to avP3 increased by FKN-CD in avPS- 
K562 cells (Figure 4e) and P3-CHO cells (Figure 41), but GST or 
S2-P3scr peptide did not. These results suggest that FKN-CD 
binding to site 2 is involved in FKN-CD-induced CX3CR1- 
independent avPS activation. 

FKN-CD activates Integrins a4pi and aSpi through direct 
binding to site 2 

We studied if FKN-CD activates integrins other than avPS in a 
CX3CR1 -independent manner. We measured the binding of 
FITC-labeled HI 20 to K562 and CHO cells that overexpress 
recombinant a4pi (designated q(4-K562 and oi4-CHO cells, 
respectively) and the adhesion of a4-K562 cells to HI 20 
(Figure 5). We also studied a5pi activation by FKN-CD using 
parent K562 or CHO cells that express aSpi. We measured the 
binding of FITC-labeled FN8-11 and cell adhesion to FN8-11 
(Figure 6). We obtained ver\' similar results in a4pi and 0!5pi to 
diat of avP3: WT FKN-CD activated a4pi and a5pi, but K36E/ 
R37E did not. FKN-CD at 1 Hg/ml or less induced detectable 
a4pi and a5pi activation. S2-P3 peptide suppressed FKN-CD- 
induced a4pi and a5pi activation, but control GST or S2-P3scr 
peptide did not. These results suggest that WT FKN-CD activates 
integrins a4pi and ocSpi in a CX3CRl-independent manner 
through binding to site 2. 
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Figure 6. FKN-CD activates aSpi integrin in a CX3CR1 -independent manner througKi t>ie binding to site 2. a. Activation of aSpi by FKN- 
CD in K562 cells (CX3CR1 -negative). The binding of FITC-labeled FN8-1 1 (specific ligand to txSpi ) was measured as described in the methods. Data are 
shown as means ± SEM of MFI of three independent experiments, b. K562 cells adhesion to FN8-11. Cell adhesion to immobilized FN8-11 was 
measured as described in the methods. Data are shown as means ± SEM of three independent experiments, c. Effect of S2-P3 on FKN-CD induced 
integrin activation in K562 cells. Cells were incubated with FITC-labeled FN8-1 1 in the presence of FKN-CD or the mixtures of FKN-CD and S2-P3. FKN- 
CD (20 ng/ml) was preincubated with S2-P3 (300 |i.g/ml) in PBS for 30 min at room temperature. Binding of FITC-labeled FN8-1 1 to cells was 
measured by flow cytometry. Data are shown as means ± SEM of MFI of three independent experiments, d. Activation of otspi by FKN-CD in CHO 
cells (CX3CR1 -negative) in a CX3CR1 -independent manner. The binding of FITC-labeled FN8-11 (specific ligand to aSpi) was measured by flow 
cytometry. Data are shown as means ± SEM of MFI of three independent experiments, e. Activation of aSpi by FKN-CD in CHO cells at low FKN-CD 
concentrations. Experiments were performed as described in (d) except that FKN-CD and K36E/R37E were used at 0.1 and 1 jig/ml. Data are shown as 
means ± SEM of MFI of three independent experiments, f. Effect of S2-P3 peptide on FKN-CD induced integrin activation in CHO cells. Experiments 
were performed as descibed in c) except that CHO cells were used. Data are shown as means ± SEM of MFI of three independent experiments. 
doi:l 0.1 371/journal.pone.0096372.g006 



Discussion 

The present study establishes that FKN-CD can activate 
integrins 0(vP3, a4pi and aSpi in a CX3CR1 -independent 
manner. We presented evidence that FKN-CD activates soluble 
otvPS in cell-free conditions and integrins on ttie surface of cells 
that do not express CX3CR1. We identified a potential 
mechanism of CX3CR1 -independent integrin activation by 
FKN. Docking simulation predicted another FKN-CD binding 
site in the closed form of avP3 (site 2) that is distinct from the 
classical RCD-l)in(ling site (site 1). Notably, a peptide from site 2 
(S2-P3) directly bound to FKN-CD and suppressed FKN-CD 
induced activation of integrins avP3, a4pi and a5pi. These 
findings suggest that FKN-CD directly binds to the newly 
identified site 2, and this interaction potentially induces confor- 
mational changes that enhance ligand binding to site 1. We also 
showed that peptide sequences corresponding to S2-P3 peptide 
from other integrin P subunits bound to FKN-CD. This suggests 
that site 2 in other integrin p subunits may also be involved in 
FKN-CD-mediated integrin activation. These findings are consis- 
tent with the docking model. We did not detect significant binding 
of FKN-CD to the ligands in ELISA-type binding assays (data not 
shown). It is unlikely that FKN-CD affects the ligands used 
(YC399tr, HI 20, and FN8-11) and enhanced their binding to 
integrins. To detect the FKN-CD induced integrin activation we 
needed to keep integrin in an inactive state by using assay media 
that contain 1 mM Ca^^ or RPMI1640 medium that contains 
Ca^"^ (approx. 0.4 mM). When avP3 on K562 cells is activated by 

1 mM Mn^"^, soluble YC399tr bound to avP3 at a maximal level 
without FKN-CD, and we did not detect further activation by 
FKN-CD or inhibition by S2-P3 peptide (data not shown). This is 
consistent with the idea that the direct binding of FKN-CD to site 

2 activates integrins that are inactive in the physiological body 
fluids that contain high [Ca^"*] (1.1-1.4 mM). 

We showed that CX3CR1 -independent integrin activation by 
FKN can be detected at 1 |Xg/ml FKN-CD or less in our assay 
system, suggesting that FKN-CD can induce CX3CR1 -indepen- 
dent integrin activation in at FKN concentrations widely used in 
other studies. We recently reported that FKN-CD has KD of 
10~^ M to integrin avP3 in the presence of Ca^"*" (which reduces 
integrin affinity) [25], Thus it is reasonable that FKN-CD 
concentration at 0.1-1 (Xg/ml (about 8-80 nM) may be required 
for FKN to bind to site 2 and activate integrins in the absence of 
CX3CR1. It is important to note that FKN is expressed as a 
membrane-bound form (e.g., of endothelial cells), unlike other 
soluble chemokines, and highly concentrated on the cell surface. 
Kinetics of interaction between membrane-bound FKN and 



integrins may be different from that between soluble FKN and 
integrins. These issues should be addressed in future studies. 

We propose that integrins on CX3CR1 -negative cells (such as 
K562) can be efliciendy activated upon binding to membrane- 
bound FKN (on endothelial cells) in an CX3CRl-independent 
manner. CX3CR1 is not widely expressed (see Introduction). 
Interestingly only 2 out of 1 2 human hematopoietic cell lines tested 
express CX3CR1 [15]. Also, 7 breast cancer cell lines, 12 
melanoma cell lines tested and their normal counterparts 
(mammary epithelial cells and melanocytes) do not express 
CX3CR1 [40]. Our results suggest that FKN may induce integrin 
activation (and perhaps subsequent phcnot)'pe changes) in 
CX3CR1 -negative cells as well, which have not been recognized 
as target cells for FKN. 

It has been well established that ligand binding to integrins 
induces global and/or local conformation changes in integrins. 
Binding of a RGD-mimetic peptide induces changes in the tertiary 
structure of avP3 [38] and allbp3 [41] in the P3 I-like domain. 
ROD or ligand-mimetic peptides activate purified, non-a('ti\ ated 
0(IIbP3 [42] and avP3 [43]. This process does not require signal 
transduction and it appears that RGD or ligand-mimetic peptide 
triggers conformational changes that lead to full activation of 
integrins. These findings suggest that these peptides enhance 
integrin affinity by conformational changes in the headpiece 
possibly through additional ligand-binding sites in the integrin 
[42]. A previous study suggests that there are two RGD-binding 
sites in integrin aIIbP3, and that one binding site acts as an 
allosteric site based on binding kinetic studies [44] . Also, another 
study suggests that two distinct cyclic RGD-mimetic peptides can 
simultan(;ously bind to distinct sites in allbp3, and the estimated 
distance between two ligand-binding site is about 6.1 +/— 0.5 nm 
[45]. The possible allosteric ligand-binding site has not been 
pursued probably because the avPS structure (ligand occupied, 
open) contains only one RGD-binding site [38]. In our docking 
model the distance between site 1 and site 2 is about 6 nm. Thus, 
the position of site 2 is consistent with the previous report. Based 
on previous studies it is likely that the newly identified site 2 has 
ligand specificity that overlaps with that of site 1 , interacts with 
integrin ligands other than FKN-CD (e.g., RGD), and is 
potentially involved in integrin regulation in an allosteric 
mechanism. It is reasonable to assume that FKN-CD binding to 
site 2 induces global conformational changes in integrins. The 
open and closed structures of 0(vP3 are superposable, while the 
specificity loop undergoes conformational changes (0.1 nm shift) 
upon RGD binding to avP3 [38]. It is therefore striking that 
docking simulation distinguished open and closed conformations 
of avP3. One possibility is that only slight changes in conformation 
in the headpeice (e.g., specificity loop) are involved in activation 
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and inactivation of integrins. It would be interesting to address 
these questions in future studies. 

Taken together the present study suggests a new mechanism of 
integrin activation by chemokine FKN through direct binding to 
integrins without inside-out signaling. This does not require 
CX3CR1 expression or signal transduction, and may play an 
important role in both CX3CR1 -negative and -positive cell types. 
Thus the ligand-site 2 interaction may be a novel target for drug 
discovery and site 2 peptides may have potential as therapeutics. 

Supporting Information 

Figure SI Heat treatment suppresses the binding of 
ligands to integrins. To confirm that the recombinant integrin 
ligands are properly folded, we studied if heat treatment (80°C for 
10 min) suppresses the binding functions of the proteins. Cells 

References 

1. Pan Y, Lloyd C, Zhou H, DoUch S, Deeds J, et al. (1997) Neurotactin, a 
membrane-anchored chemokine upregulated in brain inilammation. Nature 

387: 611-617. 

2. Bazanjl'', ISacon KB, Hardiman G. Wang \V, Soo K, et al. (1997) A new class of 
membrane-bound chemokine widi a CX3C motif. Nature 385: 640—644. 

3. Umehara H, Bloom ET, Okazaki T, Nagano Y, Yoshie O, et al. (2004) 
Fractalldne in vascular biology: from basic research to clinical disease. 
Arterioscler Thromb Vase Biol 24: 34-40. 

4. Garton KJ, Gough PJ, Blobel CP, Murphy G, Greaves DR, et al. (2001) Tumor 
necrosis factor-a-convcrting enzyme (ADAM 17) mediates the cleavage and 
shedding of fraetalkinc (CXSCLl). J Biol Chcm 276: 37993-38001. 

5. Chapman GA, Moores K, Harrison D, Campbell CA, Stewart BR, et al. (2000) 
fraetalkinc cleavage from neuronal membranes represents an acute event in the 
inflammatory response to excitotoxic brain damage. J Neurosci 20: RC87. 

6. Hundhausen C, Misztela D, Berkhout TA, Broadway N, Saftig P, et al. (2003) 
The disintegrin-like metalloproteinase ADAM 10 is involved in constitutive 
cleavage of CX3CL1 (fractalldne) and regulates CX3CL1 -mediated cell-cell 
adhesion. Blood 102: 1186-1195. 

7. Imai T, Hicshima K, Haskell C, Baba M, Nagira M, et al. (1997) Identification 
and molecular characterization of fraetalkinc receptor CX3CR1, which 
mediates both leukocyte migration and adhesion. CJcU 91: 521—530. 

8. Lucas AD, BursiU C, CJuzik IJ, Sadowski J, Channon K.\l, et al. (2003) Smooth 
muscle cells in human atherosclerotic plaques express the fraetalkinc receptor 
CX3CR1 and undergo chemotaxis to the CX3C chemokine fraetalkinc 
(CX3CL1). Circulation 108: 2498-2504. 

9. Schafer A, Schulz G, Eigentiialer M, FraccaroUo D, Kobsar A, et al. (2004) 
Novel role of the membrane-bound chemokine fractalkine in platelet activation 
and adhesion. Blood 103: 407^12. 

10. Meucci O, Fatatis A, Simen AA, BushcU TJ, Gray PW, et al. (1998) Chcmokines 
regulate hippocampal neuronal signaling and g|:)120 neurotoxicity. Proc Natl 
Acad Sei U S A 95: 14500-1450,5". 

11. Meucci O, Fatatis A, Simen AA, Miller RJ (2000) Expression of CX3CR1 
chemokine receptors on neurons and their role in neuronal survival. Proc Nati 
Acad Sci U S A 97: 8075-8080. 

12. Hatori K, Nagai A, Heisel R, Ryu JK, Kim SU (2002) Fractalkine and 
fractalkine receptors in human neurons and glial cells. J Neurosci Res 69: 418- 
426. 

13. Hughes PM, Botham MS, Frentzel S, Mir A, Perry VH (2002) Expression of 
fractalkine (CX3(^L1) and its receptor, CX3CR1, during acute and chronic 
inflammation in the rodent CJNS. (ilia 37: 314-327. 

14. Fong AM, Robmson LA, Stceber DA, Tedder TF, Yoshie C), ct al. (1998) 
Fractalkine and (JX3(JR1 mediate a novel mechanism of leukocyte capture, firm 
adhesion, and activation under physiologic How. J Exp Med 188: 1413—1419. 

15. Goda S, Imai T, Yoshie O, Yoneda O, Inoue H, et al. (2000) CXSC-chemokine, 
fractalkine-enhanced adhesion of THP-1 cells to endothelial cells through 
integrin-dependent and -independent mechanisms. J Immunol 164: 4313-^320. 

16. Hynes RO (2002) Integrins: bidirectional, allosteric signaling machines. Cell 
110: 673-687. 

17. I'akada Y, Yc X, Simon S (2007) The integrins. Genome Biol 8: 215. 

18. Campbell JJ, Hedrick J, Zlotnik A, Siani MA, Thompson DA, et al. (1998) 
Chcmokines and the arrest of lymphocytes rolling under flow conditions. Science 
279: 381-384. 

19. Weber C (2003) Novel mechanistic concepts for the control of leukocyte 
transmigration: speciahzation of integrins, chcmokines, and junctional mole- 
cules. J Mol Med (Berl) 81: 4-19. 

20. Smidi ML, Olson TS, Ley K (2004) CXCR2- and E-selectin-induced neuti-ophil 
arrest during inflammation in vivo. J Exp Med 200: 935—939. 

21. Smith DF, Cialkina E, Ley K, Huo Y (2005) GRO famUy chcmokines arc 
specialized for monocyte arrest from flow. Am J Physiol Heart Circ Physiol 289: 
H1976-1984. 



were incubated with FITC-labeled ligands (heat-treated or non- 
treated) in the presence or absence of WT FKN-CD. Binding of 
FITC-labeled ligands to cells was measured by flow cytometry. 
Data are shown as means ± SEM of MFI of three independent 
experiments. The data suggest that heat treatment significandy 
suppresses the FKN-induced binding of the ligands to integrins, 
indicating that the ligands used in this study are properly folded for 
integrin binding. 
(TIFF) 

Author Contributions 

Analyzed the data: YT MF. Wrote the paper: YT MF. Coneeived the 
experiments and performed docking simulation; YT. Designed the binding 
experiments: MF. Performed binding assays and generated proteins and 
peptides: YKT. 



22. Weber KS, von Hundelshausen P, Clark-Lewis I, Weber PC, Weber C (1999) 
Differential immobilization and hierarchical involvement of chcmokines in 
monocyte arrest and transmigration on inllamed endothelium in shear flow. 
Eur J Immunol 29: 700 -712. 

23. Moscr B, Loetschcr P (2001) Lymphocvte traffic control by ehemokiiics. Nat 
Immunol 2: 12.3-128. 

24. Gerard C, Roflins BJ (2001) Chcmokines and disease. Nat Immunol 2: 108-1 15. 

25. Fujita M, Takada YK, Takada Y (2012) Integrins oiv|33 and a4pi Act as 
Coreceptors for Fractalkine, and the Integiin-Binding Defective Mutant of 
FractaUdne Is an Antagonist of CX3CR1. J Immunol 189: 5809-5819. 

26. Blystone SD, Graham IL, Lindberg FP, Brown EJ (1994) Integrin avP3 
differentiaUy regulates adhesive and phagocytic functions of the fibronectin 
receptor a5pi. J Cell Biol 127: 1129-1 137. 

27. Sacgusa J, .^kakura N, Wu CY, Hoogland C, Ma Z, et al. (2008) Pro- 
inflammatory secretory' phospholipase A2 type ILA binds to integrins avP3 and 
a4pi and induces proliferation of monocytic cells in an integrin-dependent 
manner. J Biol Chcm 283: 26107-261 15. 

28. TakagiJ, Erickson HP, Springer TA (2001) C-tcrminal opening mimics 'insidc- 
out' activation of integrin oc5pi. Nat Struct Biol 8: 412 416. 

29. Zhang XP, Kamata T, Yokoyama K, Puzon-MeLaughlin W, Takada Y (1998) 
Specific interaction of the recombinant disintegrin-like domain of MDC-15 
(metargidin, ADAM-15) with integrin avps. J Biol Chem 273: 7345-7350. 

30. Yokoyama K, Zhang XP, Medved L, Takada Y (1999) Specific bindmg of 
integrin avP3 to the fibrinogen y and QtE chain C-terminal domains. 
Biochemistry 38: 5872-5877. 

31. Sacgusa J, Yamaji S, Icgnehi K, Wu CY, Lam KS, et al. (2009) The direct 
binding of insulin-like growth factor-1 (KiF-1) to integrin 0!vP3 is involved in 
lGF-1 signaling J BiolChem 284: 24106-24114. 

32. Mori S, Wu CY, Yamaji S, Sacgusa J, Shi B, et al. (2008) Direct Binding of 
Integrin oivPS to FGFl Plays a Role in FGFl S^nahng. J Biol Chem 283: 
18066-18075. 

33. Harrison JK, Jiang Y, Chen S, Xia Y, MaciejewsH D, et al. (1998) Role for 
neuronally derived fractalkine in mediating interactions between neurons and 
CX3CR1 -expressing microglia. Proc Nati Acad Sei U S A 95: 10896-10901. 

34. Suga H, Takeda S, Haga T, (Jkamura M, Takao K, et al. (2004) Stimulation of 
increases in intraceUular calcium and prostaglandin E2 generation in Chinese 
hamster ovary cells expressing receptor-Gal6 fusion proteins. J Biochem 135: 
605-613. 

35. Kansra V, Groves C, Gutierrez-Ramos JC, Polakicwicz RD (2001) Phospha- 
tidyhnositol 3-kinase-dependent extraceUular calcium influx is essential for 
CX(3)CR1 -mediated activation of the mitogen-activated protein kinase cascade. 
J Biol Chem 276: 31831-31838. 

36. Dorgham K, Ghadiri A, Hermand P, Rodero M, Poupel L, et al. (2009) An 
engineered CX3CR1 antagonist endowed with anti-inflammatory activity. 
J Leukoe Biol 86: 903-911. 

37. Canibicn B, Ponieranz M, Schmid-Antomarchi H, Millet M.A, Breittmaver V', et 
al. (2001) Signal transduction pathways involved in soluble fractalkine-indueed 
monocytic cell adhesion. Blood 97: 2031—2037. 

38. Xiong JP, Stchle T, Zhang R, Joachimiak A, Freeh M, et al. (2002) Crystal 
structure of the extracellular segment of integrin aVP3 in complex with an Arg- 
Gly-Asp Hgand. Science 296: 151-155. 

39. Schofield KP, Humphries MJ, de Wynter E, Testa N, Gallagher JT (1998) The 
effect of Qt4pi -integrin binding sequences of fibronectin on growth of ceUs from 
human hematopoietic progenitors. Blood 91: 3230-3238. 

40. MuUer A, Homey B, Soto H, Ge N, Cati-on D, ct al. (2001) Involvement of 
chemokine receptors in breast cancer metastasis. Nature 410: 50-56. 

41. Xiao T, TakagiJ, Collcr BS, WangJH, Springer TA (2004) Structural basis for 
allostery in integrins and binding to fibrinogen-mimetic therapeutics. Nature 
432: 59-67. 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e96372 



CX3CR1 -Independent Integrin Activation by CX3CL1 



42. Du XP, Plow EP, Prclmgcr AL III, O'Toolc TE, Loftus JC, ct al. (1991) L^ands 
"activate" integrin allbPS (platelet GPIIb-lIIa). Cell 65: 409^16. 

43. Legler DF, Wiedle G, Ross FP, Imhof BA (2001) Superactivation of integrin 
avPS by low antagonist concentrations. J Cell Sci 114: 1545-1553. 



44. Hu DD, White CA, Panzcr-Knodlc S, PagcJD, Nicholson N, ct al. (1999) A new 
model of dual interacting ligand binding sites on integrin Olllbps. J Biol Chem 
274: 4633-4639. 

45. Ciemiewski CS, Byzova T, Papierak M, Haas TA, Niewiarowska J, et al. (1999) 
Peptide ligands can bind to distinct sites in integrin QtIIbP3 and elicit different 
functional responses. J Biol Chem 274: 16923-16932. 



PLOS ONE I www.plosone.org 



12 



May 2014 I Volume 9 | Issue 5 | e96372 



